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The fundamental purpose of standards is to enable interoperability
and coordination. Standards can arguably limit creativity in the research
and innovation process, but recent studies have established that the po-
tential drawbacks of standards are outweighed by the beneﬁts (Allen
and Sriram, 2000; Baldwin and Clark, 2000; Blind, 2004; Tassey, 2000;
Temple et al., 2005). Standards reduce the costs of research and innova-
tion by narrowing the set of research and technology opportunities
while promoting interdependent research and innovation tasks
(Baldwin and Clark, 2000). With regard to the research and innovation
process as a whole, standardization is regarded as a catalyst which facil-
itates technology transfers (Bozeman, 2000), i.e. standards promote the
diffusion of technology, as part of the innovation system (Besen and
Farrell, 1994; Tassey, 2000). This matter fosters and creates value for
the research and development (R&D) process, as well as other invest-
ments in knowledge creation (Temple et al., 2005). Overall, standards
are a source of relevant information to actors within an innovation sys-
tem. This implies that the research, as well as the standards community,
constantly monitors, alerts and matches standardization efforts. On the
one hand, the research community pulls information for research and
pushes information on standardization. On the other hand, the stan-
dards community pulls information for standardization processes andir of Innovation
en access article underprovides input for research. In order to understand these interdepen-
dencies, we need to deﬁne the properties of standards in research, as
well as the relation between research and standardization.
To date, literature has differentiated between three categories of
standards: formal standards, consortia standards and de-facto standards.
Formal standards are established by standard-setting organizations
(SSOs), such as the International Organization for Standardization
(ISO) or the European Committee for Standardization (CEN) (e.g.
Büthe andMattli, 2011), and follow a strict procedure, which is transpar-
ent to stakeholders and guarantees a high level of consensus, but can
also be tedious and costly. Consortia standards1 are those that evolve
from an exclusive group or arrangement (e.g. Blind and Gauch, 2008;
Leiponen, 2008; Delcamp and Leiponen, 2014). Consequently, the inter-
ests of all stakeholders are not necessarily considered, resulting in lower
overall levels of consensus within a given industry or society as a whole.
However, consortia standards have faster development cycles and great-
er general ﬂexibility. Finally, coordination can be achieved through com-
petition, leading to de-facto standards (e.g. Gallagher, 2007; Schilling,
2002; Shapiro and Varian, 1999; Shurmer and Swann, 1995; Suarez,
2004).
Interoperability and the coordination of research activities are of
particular importance to industries, such as biotechnology, which rely
on varying disciplines, technologies and skills (Gillis, 2003). Especially
due to the vast increases in data, the research community has1 See Hawkins (1999) for a ﬁrst deﬁnition of standardization consortia.
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et al., 2005; Almeida et al., 2006; Quackenbush, 2006). In addition, re-
search labs typically have document systemswith SOPs (standard oper-
ating procedures), which can be understood as “best practices”, ex. the
use of the anatomy of the fruit ﬂy as a semantic standard. However,
there are currently no existing international standards published by
SSOs, such as ISO, on biotechnology. At the European level, some stan-
dards have been published by CEN, but are limited to large-scale pro-
duction, performance indicators and criteria for reaction vessels.
However, industry experts have indicated that more informal stan-
dardsmay be better suited to the needs of biotechnology, due to the dy-
namic and cooperative nature of the industry and that traditional
patterns of standardization do not work (Rai, 2010). in addition, the de-
velopment of more informal standards will be essential, as regulatory
requirements evolve, for example in response to the imposition of in-
creased requirements for the market entry of new products by authori-
ties, such as the US Food and Drug Administration (FDA) and the
European Medicines Agency (EMA). The success of less formal standards
can already be observed in medical biotechnology, where several de-
facto standards have evolved. TheWorld Health Organization (WHO) af-
fects standardization in medical biotechnology by publishing theWHO
Technical Report Series (TRS), as well as by providing reference prepara-
tions, which serve as measurement standards. Furthermore, some con-
sortia have evolved in medical biotechnology supporting the process of
drug developments, e.g. the CMC-Biotech Working Group (CMC-BWG)
and the Predictive Safety Testing Consortium (PSTC). CMC-BWG pub-
lishes practitioner guidelines, which support the standardization of
quality requirements and PSTC assists the standardization of bio-
markers. Noticeable across the whole biotechnology industry is the es-
tablishment of certain technological platforms, which can also be seen
as de-facto standards, e.g. host organisms such as Escherichia coli and
Chinese Hamster Ovary Cells. Concepts of the regulatory authorities,
such as Good Manufacturing Practices (GMP) and Quality by Design
(QbD), also diffuse into the whole industry, even outside of the regula-
tory framework.
As standardization at the beginning of the innovation process, par-
ticularly in basic research, has received little attention, this paper inves-
tigates the integration of research results into standards. The aim of the
study is to gain a better understanding of the role of standardization
along the research process.Wewill show that the scientiﬁc publications
referenced in standards applied in biotechnology receive both signiﬁ-
cantly more follow-up citations and for a longer period of time, com-
pared to similar publications grouped in a comparison sample. In
addition, the next generation of articles referencing the scientiﬁc publi-
cations integrated into standards is of higher quality than a second com-
parison sample of articles. The results of our study can be transferred to
other technologies and eventually reveal an enduring and effective in-
strument to foster innovation at early research stages via standardiza-
tion activities.
In the past, research in standardization has often focused on compat-
ibility of new products from a market perspective (Farrell and Saloner,
1985). Most attention has been paid to formal standards by SSO, as
well as information and communications technology markets (Simcoe
et al., 2009; Simcoe, 2012). However, few studies have investigated
the interdependencies between standardization and research (Blind
and Gauch, 2009; Zi and Blind, 2015). Therefore, we investigate the in-
terplay of research and standards – as a speciﬁc and rather new form of
science-technology relationship in biotechnology (see Subramanian
and Soh, 2010 for more traditional links) – using the particular example
of BioSharing, a standardization consortia active in biotechnology. Our
paper contributes to this literature by investigating the implications of
including research results into standards by referencing scientiﬁc publi-
cations for the ﬁrst time. In contrast to standards in information and
communication technologies, which reference so called standard-
essential patents, this phenomenon is rather unusual – despite the
high relevance of patents (e.g. Messeni Petruzzelli et al., 2015) –especially for biotechnology and many other technologies (ECSIP,
2014). On the one hand, we expand the empirical analyses of
referencing patents into standards initiated by the seminal contribution
by Rysman and Simcoe (2008), followed by a number of further studies
referencing scientiﬁc publications in standards. On the other hand, we
are not replicating their approach, rather we identify articles related to
standards independent from a particular point in time. Moreover, we
go one step further by looking at the impact of using scientiﬁc publica-
tions referenced in standards on follow-up research. The results of our
analysis enhance our understanding of the role of standardization in
the research phase. Furthermore, our study derives implications not
only for SSOs and policy makers, but also and perhaps more important-
ly, the research community.
The remainder of the paper is organized as follows: Section 2 derives
our hypotheses on the characteristics of scientiﬁc publications integrat-
ed in standards. In Section 3, we present our data, i.e. standards in bio-
technology research and our methodology. The results of our empirical
investigation, including the derivation of the implications of our results,
the limitations of our research and proposals for future research, are
then presented and discussed in Section 4. Section 5 summarizes and
concludes this piece and provides suggestions for future activities.
2. Hypotheses
As previously noted, standardization increases interoperability and
decreases coordination costs. However, standardization potentially
limits variety and requires costly efforts to set up an efﬁcient standard-
ization process. The question arises as to how the tradeoff between the
beneﬁts and the costs of standards shift depending on the differentia-
tion between basic research andmore applied activities. For the purpose
of our research, basic research is deﬁned as “experimental or theoretical
work undertaken primarily to acquire newknowledge of theunderlying
foundations of phenomena and observable facts” and applied research
aswork that is “undertaken in order to acquire new knowledge directed
primarily towards a speciﬁc practical aim or objective” (OECD, 2002).
Existing research on standards suggests that formal standards play
an increasing role as a source of information when R&D activities are
market-oriented (Blind and Gauch, 2009). In line with these ﬁndings,
Zi and Blind (2015) have shown that researchers involved in formal
standardization publish less or in lower ranked journals, whereas scien-
tists focusing on applied research, i.e. publishing less due to conﬁdential
collaborations with industry or in more applied journals, are not im-
pacted by this tradeoff.
In spite of the aforementioned arguments, there is also a line of argu-
ment in favor of standardization in early researchphases. In a related re-
search ﬁeld, it is established that patenting researchers are more
successful in publishing (Agrawal and Henderson, 2002; Van Looy
et al., 2006; Czarnitzki et al., 2007, 2009; Stephan et al., 2007). Analo-
gous to the ﬁeld of patents, standardization activities arguably circulate
relevant knowledge and are beneﬁcial for those who seek knowledge
relevant to current research challenges. However, in contrast to the pos-
itive relationship between publishing and patenting, the incentives for
an involvement in standardization might be reduced by the threat of
free-riders (Cabral and Salant, 2014).
Therefore, the role of standardization in research is an open empiri-
cal question, which we try to answer on the basis of the data available
via BioSharing. To our knowledge, the only existing qualitative empirical
evidence for the important role of different types of standards both for
applied and basic researchers in nanotechnology is provided by Blind
and Gauch (2009).
The general positive impacts of standards are valid for the produc-
tion of knowledge, i.e. research, not only in process innovation in the
sense of productivity (Acemoglu et al., 2012; Blind and Jungmittag,
2008), but also on product innovation (e.g. Lim and Prakash, 2014).
From the general deﬁnition of terms, i.e. semantic standards, we can de-
rive that standards mitigate misconceptions in the communication
2 See McQuilton et al. (2016) for further information about BioSharing.
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uniﬁcation of methods, e.g. for measurement and testing, scientists
can bemore productive in subsequent research efforts. Standardized re-
search methods also allow for a more transparent and reliable knowl-
edge generation process. Moreover, researchers save time and effort
when relying on common standards. Consequently, the online-
platform BioSharing has pointed out the need to stop wasteful reinven-
tions in its mission statement. Finally, even interface standards experi-
ence more relevance than in the past as research becomes more
complex and enters interdisciplinary ﬁelds (Gauch and Blind, 2015).
In addition to the line of argument about the economic beneﬁts of stan-
dards being applied to research productivity, our reasoning relies on the
empirical insights provided by Rysman and Simcoe (2008) regarding
the selection of SSOs of promising technologies as measured by patent
citations, which increase substantially following standardization.
Our ﬁrst hypothesis draws on two lines of reasoning. On the one
hand, we rely on the positive economic impacts – especially of compat-
ibility standards – on network externalities, as theoretically backed by
Farrell and Saloner (1985, 1986) and empirically proven by Mahler
and Rogers (1999) or Goldenberg et al. (2010), for example. These the-
oretical and empirical studies show that after the successful enforce-
ment of a standard or a dominant design (Suarez, 2004), the diffusion
of the related technologies and products is both accelerated and pushed
to a larger number of implementations, customers and consumers. Con-
sequently, we argue that these impacts from standards can be trans-
ferred to the diffusion of knowledge within research. On the other
hand, previous studies have used patent citations to illustrate the diffu-
sion of knowledge over time (Hall et al., 2005; Metha et al., 2010). In a
similar manner, the citation-age proﬁle of scientiﬁc articles integrated
in standards can be examined, in order to investigate their effect on
the production of knowledge over time as with patents as presented
by Rysman and Simcoe (2008), which show that the age distribution
of SSO patent citations is shifted toward later years (relative to compa-
rable patents). Related to scientiﬁc publications, we argue that research
integrated in standards diffuses knowledge over a longer period of time
compared with similar publications. Combining these lines, we derive
our ﬁrst hypothesis.
Hypothesis 1. Scientiﬁc publications referenced in standards receivemore
forward citations over a longer period of time than comparable scientiﬁc
publications.
Testing the previous hypothesis cannot answer the question of
whether the knowledge integrated in standards is beneﬁcial for the
progress of research in the long run. The issue of being locked into infe-
rior standards has been addressed in numerous studies e.g. by Arthur
(1989), Farrell and Saloner (1985) and in the review article by Farrell
and Klemperer (2007). Each of these studies focus on the lock-in of
technologies or products, but only a few provide case studies, e.g.
about the mobile telephony standard GSM (Cabral and Kretschmer,
2006). However, there are – to our knowledge – no quantitative empir-
ical studies that have measured the difference between inferior and su-
perior technologies. We transfer the differentiation between these two
types of technologies to the quality of knowledge integrated into stan-
dards and develop a quantitative approach to evaluate the impact of
the standards for follow-up research.
Therefore, in our secondhypothesis, we examinewhether follow-up
inventions, which reference knowledge integrated in standards, are
more successful than comparable follow-up inventions, which do not
consider such knowledge. Here, we reference Sorenson and Fleming
(2004), who ﬁnd that patents referencing scientiﬁc publications receive
a higher number of forward citations, which is also conﬁrmed for pat-
ents in biotechnology (Subramanian and Soh, 2010). They base their ar-
gument that publications are an important mechanism for accelerating
the rate of technological innovation, i.e. patents that reference pub-
lishedmaterial receivemore citations primarily, because their inﬂuence
diffuses faster in time and space. Within this scope, we argue thatscientiﬁc publications that are referenced in a standard receive more ci-
tations, because the existence of the standard pushes the knowledge
diffusion over time. Consequently, we hypothesize that standards facil-
itate research advancement in a sustainable manner.
Hypothesis 2. Scientiﬁc publications referenced in standards generate
more forward citations for their citing articles than those which are not.3. Data and descriptive statistics
3.1. Data sources
In our analysis, we focus on an online-platform of biotech standards
named BioSharing,2 which originated in the United Kingdom in 2009. In
total, 35 members, mainly research institutes, but also the formal Ger-
man SSO DIN contributes to the platform. Bio-Sharing is free of charge.
Everybody can register and contribute to the platform, whose mission
is to “serve those seeking information on existing standards, but also
to […] promote harmonization to stop wasteful reinvention.” Thereby,
the platformprovides standards,which are as transparent and easily ac-
cessible as formal standards, require only short development times sim-
ilar to company and consortia standards and are ﬂexible in nature.
As of May 2013, BioSharing consisted of 518 standards, which are
categorized according to standard type. Ninety-ﬁve standards are linked
to 98 scientiﬁc publications, which allows for an in-depth analysis of the
relationship between research and standardization. The publications re-
late to 56 different biotechnology journals in the time period between
1996 and 2013.
Within the BioSharing platform, standards are classiﬁed according to
“terminology artifact”, “reporting guidelines” and “exchange format”. In
combinationwith keywords, such as “ontology” for semantic standards,
“minimum information” for measurement and testing standards and
“File XXX” for interface standards, an accurate matching with regard
to the content of the standards can be ensured. Overall, 64.5% of the
standards in BioSharing refer to semantic standards, 11.6% of the stan-
dards deal with measurement and testing standards and 24.9% of the
standards deﬁne interface standards.With biotechnology being a rather
new scientiﬁc discipline, it is unsurprising that themajority of standards
address terminology issues. Furthermore, the development of high-
throughput-screening and next-generation-sequencing have increased
the need for interface standards dealing with large and complex
databases.
3.2. Methodology
To measure the general characteristics of knowledge integrated in
standards, we compare the arithmetic mean of the impact factors of
journalswhich publish articles referenced in standards to the arithmetic
mean of journals in biotechnology. For the latter, ‘Journal Citation Re-
ports’ by Thomson Reuters provides a peer group of biotechnology
journals. Thereby, we assume that journals focusing on basic research
have higher impact factors than journals which relate to more applied
focused research (Garﬁeld, 1972, 2006). This reasoning stems from
the deﬁnition of the impact factor that it resembles the ‘signiﬁcance’
of a journal for future research efforts. For the purpose of our analysis,
we use themost prevalent two-year journal impact factor. The addition-
al information of the scientiﬁc impact of journals, which publish articles
referenced in standards, is an explicit difference and advantage of our
approach in relation to the methodology applied by Rysman and
Simcoe (2008).
With regard to the test of our two hypotheses, we use scientiﬁc pub-
lications as deﬁned units of knowledge. Thereby, we differentiate be-
tween articles linked to standards, i.e. included in the list of references
Table 1
Characteristics of dependent variables.
Variable Deﬁnition Source
Journal Name of the publishing journal Science Citation
Index (SCI)











Number of forward citations from




Average forward citationsj1 to articles in
the same journal with t = 1
Journal Citation
Reports
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cles referenced in standards using the following protocol: ﬁrst, each
publication linked to a standard in BioSharing is matched to the ‘most-
related’ article in the same volume of the same journal using a search al-
gorithm developed3 by the National Library of Medicine (NLM) in order
to constitute a meaningful comparison sample; second, the NLM algo-
rithm generates similarity rankings between documents in the PubMed
database and is an established user interface on the PubMed website.
The same methodology has also been used by Furman and Stern
(2011) for a similar matching exercise. As a robustness check, an alter-
native comparison sample is constituted on the basis of the ‘most-relat-
ed’ article without taking the volume and the journal into account.
For the secondhypothesis, the amount of follow-up research is oper-
ationalized by thenumber of forward citations. To account for thediffer-
ent timehorizonsdependent on the publication year, we account for the
number of annual forward citations.
In order to examine the second hypothesis, we choose the ﬁrst for-
ward citation to each article referenced in standards and constitute a
comparison sample in the same manner as for articles referenced in
standards. This means, the same matching procedure as described
above is conducted for the ﬁrst forward citation of each article refer-
enced in a standard. Once again, the matched sample is compared on
thebasis of forward citations as an approximationof follow-up research.
This analysis also uses an alternative comparison sample that disregards
identical volumes and journals, as a robustness check.
Either forward citations in theﬁrst year after publication, forward ci-
tations in year t, or cumulative forward citations since publication serve
as dependent variables for our analysis (Garﬁeld, 1979). Table 1 pro-
vides an overview of the available information for the dependent
variables.
With regard to the independent variables, we introduce a dummy
variable ‘article referenced in a standard’, which differentiates between
articles related to standards and the comparison group. In a more so-
phisticated model, we further differentiate between the three different
types of standards. The publication title and author names are used as
identiﬁers across the different databases. We extend the model step-
wise by controlling for the age of thepublication, the number of authors,
whether the ﬁrst author is from a top 50 university andwhether the ar-
ticle is published in a top journal (see deﬁnition in Table 2). Random
tests of author origin conﬁrm the argument that most publications are
based on research collaborations between different universities.
Table 2 provides an overview of the available information for the inde-
pendent variables.3.3. Summary statistics
Our standards data consists of 95 standards linked to 98 articles on the
BioSharingplatform. For theﬁrst hypothesis, the data processing results in3 If the search algorithm does not provide a most-related article in the same volume of
the same journal, the preceding article in the same volume of the same journal is used as
an alternative most-related article.196 articles, i.e. 50% of the articles relate to standards and50% relate to the
comparison group (Table 3). The mean average for publication year is
2008 and approximately 11 authors contribute to each article. The for-
ward citations are collected for each year after the publication. Therefore,
a sample of 1160 data points results, with a mean of 13.23 forward cita-
tions per article per year. On a cumulative basis, each article receives on
average 78.33 forward citations. 35% of the articles are published in top
journals and 30% of the authors originate from a top university.
One particular characteristic of the forward citations is the skewed
distribution. Forward citations are count data, i.e. greater or equal to
zero. Very few articles receive hundreds of citations annually with
most being cited ﬁve times or less per year.
An investigation of the descriptive statistics differentiated by the com-
parison group provides a good overview of the empirical ﬁndings
(Table 4). On average, articles referencing standards are cited three
times more often than the most-related articles on a yearly basis, as
well as on a cumulative basis. Noticeably, there are also three times
more authors per publication involved with articles referenced in stan-
dards in comparison to the most-related articles. The difference in for-
ward citations, depending on author number, might be due to the fact
thatmore authors also lead tomore self-citations. An alternative explana-
tion might be that having more authors increases the quality of a paper
andhigher quality eventually leads tomore forward citations. In our anal-
ysis, we cannot disentangle these two possible explanations, but with re-
spect to our analysis, it is only important thatwe control for both possible
explanations. Thirty-six percent of the articles referenced in standards, as
opposed to 24% of the comparison articles, originate from a top 50
university.
As previously done for patents (Metha et al., 2010), the citation age
proﬁle for standards illustrates the diffusion of standards with respect
to comparison articles over time (Fig. 1). In general, articles referenced
in standards are cited more often than comparison articles. Noteworthy,
these articles seem to pursue a different time trend than the comparison
articles. In the ﬁrst two years, forward citations to both groups rise, while
articles referenced in standards receivemore forward citations. However,
in the second year after publication, the most-related articles reach a
maximum and subsequently decline. In contrast, articles referenced in
standards reach their maximum in the third year after publication and
continue to stay at a relative high level, although we have to point out
that after six years the conﬁdence interval dramatically increases due to
the lack of available data. Only 25% of the articles are older than six
years. The intervals around themedian show the 90% conﬁdence intervals
and are constructed according to Conover (1980). This observation sup-
ports our presumption of the second hypothesis. Within our regression
model we will address this issue by introducing an interaction term con-
structed from a multiplication of the standard variable with the age
variable.
An overview of the type of standards shows that the different content
of the standards is not proportionally linked to articles within the online-
platform (Fig. 2). As of July 2013, the online platformcontains 329 seman-
tic standards, 60 measurement and testing standards and 129 interface
standards. While the majority of standards in BioSharing consist of se-
mantic standards, only few semantic standards are linked to publications
in journals, i.e. only 6.1% of the semantic standards. The opposite holds
true for measurement and testing standards, i.e. 73.3% of the measure-
ment and testing standards are linked to publications in journals. There-
fore, even within the standards in BioSharing, different types of
standards might diffuse differently or have diverse relevance in the ﬁeld
of biotechnology.
While the aforementioned descriptive statistics have focused on the
data with regard to articles referenced in standards, in the following we
will provide the descriptive statistics with regard to articles referencing
the former articles. Our data of articles referencing scientiﬁc publications
referenced in standards consists of 93 papers and 93 comparison articles
(Table 5). The number of articles differs from the original sample of 98 ar-
ticles referenced in standards, because ﬁve articles had not yet received a
Table 2
Characteristics of independent variables.
Variable Deﬁnition Source
Article referenced in a standard Dummy variable equal to 1 if article is referenced in a standard and equal to 0 if article belongs to the
comparison group
BioSharing/PubMed
Type of standard Dummy variables equal to 1 for semantic standards, measurement and testing standards, as well as interface
standards respectively and equal to 0 otherwise
BioSharing
Article title Name of article used as identiﬁer BioSharing/PubMed/SCI
Names of authors Names of publishing authors used as identiﬁer SCI
Number of authors Number of publishing authors SCI
Country of origin Location of lead author of the publication SCI
Top 50 university Dummy variable equal to 1 if corresponding author is associated with a top 50 university according to the
Times Higher Education ranking - Life Sciences 2013
Times Higher Education &
Thomson Reuters
Top journal Dummy variable equal to 1 if the publishing journal belongs to the top 10% in the ﬁeld, i.e. has an impact
factor N8
Journal Citation Reports
Publication year Year in which article j is published SCI
Age Year t – article publication year SCI
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points with forward citations. Given that the articles are the ﬁrst forward
citations of the articles referenced in standards, their average publication
year is slightly more recent. On average, these articles are produced by
fewer authors than the articles referenced in standards, i.e. 7 authors
per publication compared to 11 authors, respectively. Furthermore, they
are less frequently published in top journals, i.e. 24% compared to 35%
and they less frequently originate froma topuniversity, i.e. 20% compared
to 31%. The same observation holds true with regard to the forward cita-
tions of the articles referencing articles linked to standards in relation to
their comparison articles. On average they receive 7.86 forward citations
per year opposed to 13.23 forward citations and they receive 44.47 cumu-
lative forward citations opposed to 78.33 forward citations.
When we differentiate between the means of the articles referencing
publications included in standards and their comparison group, the dif-
ference is much less prevalent than for the latter, but a small increase in
favor of articles referencing scientiﬁc publications integrated in standards
can still be observed (Table 5). Again,more authors have produced the ar-
ticles referencing papers referenced in standards, which we have to con-
trol for within the regression analysis. Twenty-two percent of the articles
referencing scientiﬁc publications mentioned in standards originate from
top universities, while only 18% of the comparison articles originate from
a top university.
The citation age proﬁle supports the presumption that articles
referencing the scientiﬁc publications integrated in standards are cited
more often than the respective comparison articles (Fig. 3). However, in
contrast to articles referenced in standards, both groups reveal a similar
pattern over time: an increase in theﬁrst two years, amaximumbetween
the second and the fourth year and a subsequent decline. Therefore, in
view of the second hypothesis, we argue that both groups are similar ar-
ticles, but articles referencing articles integrated in standards are more
successful in terms of forward citations.Table 3
Means and standard deviations for articles referenced in standards and theirmost-related
articles.
Variable Mean SD Min Max
Article characteristics (number of articles = 196)
Articlej referenced in a standard 0.50 0.50 0 1
Publication year 2008.01 3.17 1996 2013
Authors 10.76 13.92 1 98
Top journal 0.35 0.48 0 1
Top university 0.30 0.46 0 1
Citation characteristics (number of citations = 1160)
Forward citationsjt 13.23 41.28 0 682
Cumulative citationsj 78.33 224.60 0 1962
Age 4.99 3.17 0 174. Empirical analysis
4.1. Standardization in research-oriented environments
For the purpose of the ﬁrst hypothesis, we examine the environments
in which standards of BioSharing are used. We look into the type of
journals that relate to BioSharing standards, because the type of journal
serves as a reference to the audience.
We ﬁnd that standards in our database are linked to journals with an
aggregated two-year impact factor of 10.07 (median impact factor: 5.32).
In comparison, a control groupof biotech journals reportedby the ‘Journal
Citation Reports’ (JCR) shows an aggregated two-year impact factor of
3.78 (median impact factor: 2.47). Given the 95% conﬁdence intervals,
we can conclude that scientiﬁc publications referenced in standards are
more likely to be published in biotechnology journals with higher impact
factors (Table 5). Assuming that higher impact factors relate to basic re-
search (Garﬁeld, 1972, 2006), we retain that the standards of BioSharing
are mostly used in early-stage research activities.4.2. Research results integrated in standards
4.2.1. Paired t-test
In order to investigate the role of knowledge referenced in standards
within research, we examine publications linked to articles referenced
in standards in comparison to their peer group in the same journal and
volume. In the ﬁrst step, we compare forward citations in the ﬁrst year
after publication of articles mentioned in standards with the average for-
ward citations to articles in the same journal. A paired t-test shows at the
1% signiﬁcance level that articles referenced in a BioSharing standard re-
ceive, on average, 1.5 times more forward citations in the ﬁrst year than
articles in the same journal. Since the articles referenced in standards
are also included in the average forward citations to the journal and we
only consider the ﬁrst year after publication, this test can be regarded as
a conservative test. In the second step, we expand the paired t-test by
comparing cumulative forward citations of articles referenced in stan-
dards with most-related articles published in the same journal in theTable 4
Means and standard deviations of characteristics of papers referenced in standards and
most-related articles.
Articles referenced in standards:
articles associated with BioSharing
Comparison articles:
most-related articles
Number of papers 98 98
Forward citations 19.45 (53.69) 6.99 (21.13)
Cumulative citations 115.33 (292.12) 41.33 (115.36)
Authors 16.09 (17.56) 5.43 (4.72)
Publication year 2008.01 (3.17) 2008.01 (3.17)





















Fig. 1. Citation age proﬁle for articles referenced in standards.
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these articles receive, on average, 2.8 times more forward citations than
the comparison group over the entire lifetime of a publication. As the
paired t-test relies on a normal distribution, we have to review the ro-
bustness of our results. Therefore, we use a Wilcoxon signed rank sum
test as a non-parametric robustness check (Hollander and Wolfe, 1973).
The Wilcoxon test for the difference in means without any assumption
about the distribution remains signiﬁcant at the 5% signiﬁcance level
supporting our second hypothesis.4.2.2. Model of multivariate analysis
A paired t-test is limited to a comparison of two variables. Amultivar-
iate linear regressionwould consider different variables, but also relies on
the assumption of normal distribution. Although one can argue that nor-
mal distribution is a reasonable assumption for cumulative forward cita-
tions, Fig. 3 in the previous section clearly demonstrates that the
assumption does not hold true for forward citations on a yearly basis.
Therefore, we cannot use an ordinary least square regression model, but
have to account for the characteristics of count data by applying a Poisson
model or a negative binomial model for further analyses. Since we are
confronted with over-dispersed count data, i.e. the conditional variance
is larger than the conditional mean, we have chosen a negative binomial
model over a Poisson model analogous to Furman and Stern (2011).
However, all reported results also hold true in a Poisson model at the




















Fig. 2. Type ofOur baselinemodel identiﬁes the effect of an article related to a stan-
dard on yearly forward citations. Furthermore, we have already report-
ed in Fig. 1 that, at least in the ﬁrst years after publication, citations rise
over time. Therefore, we also include the age of the publication in the
model. In addition, the summary statistics have shown that, on average,
more authors are involved in articles referenced in standards than in
most-related articles. This is unsurprising, as standards require a level
of consensus,which ismore likely to be achieved ifmany authors are in-
volved in the development process. However, researchers are alsomore
likely to cite their own publications in future research than random ar-
ticles and publications with more authors might be of higher quality.
Therefore, we have to separate the effect of standardization from the
number of authors. We cannot control whether more authors are
more likely to self-cite their articles or whether more authors produce
articles with higher quality, but this does not change the results of our
analysis. Furthermore, we include the origin from a top university
through a binary control variable. In conclusion, the baseline model es-
timates the number of forward citations article j receives in year t after
publication controlling for the age, the number of authors and the origin
from a top university:
Forward citationsjt ¼ ƒ ðΦarticle referenced in standardj









Means and standard deviations of characteristics of papers referencing articles integrated in standards and most-related articles.
Characteristics of articles referenced in standards and their comparison group (n = 186) Mean SD Min Max
Article referenced in a standardj 0.50 0.50 0 1
Publication year 2008.32 2.98 1998 2013
Authors 7.12 7.36 1 40
Top journal 0.24 0.43 0 1
Top university 0.20 0.40 0 1
Citation characteristics (n = 1052)
Forward citationsjt 7.86 22.92 0 417
Cumulative citationsj 44.47 111.10 0 1043
Age 4.68 2.98 0 15
Means and standard deviations First forward citation of an article referenced in a standard (n = 93) Comparison articles: most-related articled (n = 93)
Forward citations 8.54 (17.48) 7.18 (27.31)
Cumulative citations 48.39 (100.56) 40.55 (121.14)
Authors 8.45 (8.49) 5.78 (5.73)
Publication year 2008.32 (2.98) 2008.32 (2.98)
Top university 0.23 (0.42) 0.18 (0.39)
Mean and median of the impact factor by biotechnology
journals
Journals publishing articles referenced in BioSharing
standards
Peer group of biotech journals according
To JCR
Arithmetic mean 10.07 3.78
Conﬁdence interval to the mean (95% signiﬁcance level) 7.95–12.20 –
Median 5.32 2.47
Conﬁdence interval to the median (95% signiﬁcance level) 4.20–6.53 –
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ﬁxed effects over time. Namely, dummy variables are included for
each article pair. This provision accounts for the fact that the sample is
a paired sample, rather than an independent sample (Hausman et al.,
1984; Allison andWaterman, 2002). Furthermore, we include an inter-
action effect constructed from the age and the reference to an article in-
tegrated in a standard in order to address the second hypothesis, which
has already been supported by the descriptive statistics.
The extended model is further reﬁned by investigating the type of
standards important to research activities. Instead of relying on a
dummy variable for the article referenced in standards, we introduce
three new dummy variables for each type of standard, i.e. semantic
standards, measurement and testing standards and interface standards.
The same procedure as elaborated above is used to test the second
hypothesis. In contrast to the previousmodel, we do not use the articles
referenced in standards as unit of analysis, but rather the ﬁrst article cit-
ing a scientiﬁc publication referenced in a standard.
4.2.3. Results of multivariate analysis
The ﬁrst column of Table 6 reports the results for the baselinemodel.
A signiﬁcant positive coefﬁcient implies a positive relation between the
independent variables and forward citations. A positive coefﬁcient

















Fig. 3. Citation age proﬁle for articles refertranslates into an incidence-rate ratio b1. The interpretation of the
incidence-rate ratio is as follows: articles referenced in standards re-
ceive on average 2.1 timesmore forward citations thanmost-related ar-
ticles. Thereby, we conﬁrm our ﬁrst hypothesis that articles referenced
in standards lead to more follow-up research in terms of forward cita-
tions compared to scientiﬁc publications not referenced in standards.
As expected, the age of the publication is also positively linked to for-
ward citations. On average, one additional year post-publication ac-
counts for approximately 11% more forward citations. Furthermore,
the number of authors has a statistically signiﬁcant inﬂuence on the
number of forward citations, at the 1% signiﬁcance level. One additional
author leads to an increase in forward citations of approximately 2%.
However, thedisproportionately highnumbers of authors of articles ref-
erenced in standards are not accountable for the overall standardization
effect. Publications from the top universities are cited 54% more fre-
quently than from all other universities. The pseudo R2 value shows
that the baseline model overall has only limited explanatory power.
Most interestingly, the second column of Table 6 reports for the sec-
ond model that the effect of age vanishes and the effect of the standard
per se mostly disappears. Instead, the interaction effect between stan-
dard and age is highly signiﬁcant. The incidence-rate ratio for the inter-
action effect is 1.176. This means that under the condition of being






encing articles included in standards.
Table 6
Negative binomial model based on articles referenced in BioSharing standards.
Negative binomial model
[Incidence-rate ratios in brackets
in top line]
Estimated coefﬁcients in 2nd line
(SE in parentheses in bottom line)
Negative binomial model with conditional
ﬁxed effects (1)
[Incidence-rate ratios in brackets in top line]
Estimated coefﬁcients in 2nd line
(SE in parentheses in bottom line)
Negative binomial model with conditional
ﬁxed effects (2)
[Incidence-rate ratios in brackets in top line]
Estimated coefﬁcients in 2nd line
(SE in parentheses in bottom line)























































Observations 1160 1160 1160
Pseudo R² 0.020 0.174 0.178
Log likelihood −3629.23 −3057.62 −3042.87






⁎⁎⁎ Signiﬁcance at the 1% level.
⁎⁎ Signiﬁcance at the 5% level.
⁎ Signiﬁcance at the 10% level.
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‘origin from a top university’ remain signiﬁcant. The effect sizes of the
control variables further increase in the second model. In contrast to
the ﬁrst model, the intersection with the y-axis is no longer signiﬁcant,
but the explanatory power of the extended model has increased up to
17.4%. Therefore, the second model supports the second hypothesis,
i.e. the knowledge of articles referenced in standards diffuse over a lon-
ger time period compared to regular research articles.
Themost sophisticatedmodel reported in the third column of Table 6 il-
lustrates the diverse relevance of different types of standards. Only interface
standards are signiﬁcantly correlated at the 1% level and receive 2.3 times
more forward citations than the most-related articles. Therefore, interface
standards aremost valuable to future research in terms of forward citations.
Measurement and testing standards, as well as semantic standards, are not
signiﬁcantly correlated to forward citations.
Overall, the alpha test for all three model speciﬁcations is signiﬁcant
at the 1% level. Thus, the over-dispersion of the data is conﬁrmed and
the application of a negative binomial model is reinforced. The likeli-
hood ratio test (F test) tells us that all three models ﬁt signiﬁcantly bet-
ter than an empty model.
The ﬁrst column of Table 7 shows that the difference between articles
referencing scientiﬁc publications integrated in standards and their closest
peer group is too small to observe signiﬁcant results, when we pretend to
deal with an independent sample. When accounting for the conditional
ﬁxed effects, articles referencing the papers linked to standards are cited, on
average, 1.3 times more often than comparable articles. The effect size of the
variable indicating a reference to an article integrated in a standard is higher
andmore signiﬁcant than the interaction term. Therefore, articles referencingpapers in standardshaveasimilar citationpatternover timecomparedto their
most-related articles, while being more successful in terms of forward cita-
tions. This result supports the impression from the descriptive statistics
(Fig. 3) and allows us to conﬁrm the second hypothesis, i.e. references to sci-
entiﬁc publications in standards increase the productivity of research efforts.
In line with the third model of the articles referenced in standards,
the third column of Table 7 shows that articles referencing interface
standards proﬁt the most from the positive effect of referencing articles
included in standards. Furthermore, it is conﬁrmed that, in contrast to
the articles referenced in standards, the interaction term is not signiﬁ-
cant, i.e. articles referencing standards as well as the comparison
group have a similar citation age proﬁle.
Analogous to Table 6, the alpha test conﬁrms the over-dispersion of the
data and a likelihood ratio test conﬁrms that all threemodelsﬁt signiﬁcantly
better than an emptymodel. As a robustness check, we conducted the same
analysiswith a differentmatchingprocess for the comparison group. Instead
of limiting the most-related article to the same journal issue, we used the
most-related article provided by the NLM search algorithm independent of
the publishing journal. In order to control for the variance due to different
journals, we included whether the article was published in a top journal as
an additional control variable. Overall, the results hold true and are provided
in theTablesA.1 andA.2 for articles referenced in standards andpublications
referencing the former articles, respectively. One exception is the effect of in-
terface standards on referencing articles which is not signiﬁcant in the ro-
bustness check (Table A.2).
In an additional robustness test, we controlled for a potential cohort ef-
fect due to the publication year of the articles (Table A.3). Therefore, the
sample is divided into quartiles which relate to publication years before
Table 7
Negative binomial model based on articles referencing scientiﬁc publications linked to standards.
Negative binomial model
[Incidence-rate ratios in brackets
in top line]
Estimated coefﬁcients in 2nd line
(SE in parentheses in bottom line)
Negative binomial model with conditional
ﬁxed effects (1)
[Incidence-rate ratios in brackets in top line]
Estimated coefﬁcients in 2nd line
(SE in parentheses in bottom line)
Negative binomial model with conditional
ﬁxed effects (2)
[Incidence-rate ratios in brackets in top line]
Estimated coefﬁcients in 2nd line
(SE in parentheses in bottom line)























































Observations 1052 1052 1052
Pseudo R2 0.016 0.165 0.169
Log likelihood −2918.62 −2478.00 −2464.30






⁎⁎⁎ Signiﬁcance at the 1% level.
⁎⁎ Signiﬁcance at the 5% level.
⁎ Signiﬁcance at the 10% level.
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sults of our analysis are not inﬂuenced by a potential cohort effect.
5. Discussion
5.1. Conclusions
Our empirical results conﬁrm the argument of our ﬁrst hypothesis,
i.e. articles referenced in standards are cited more often than their
peer group. Furthermore, the development of follow-up research over
time has revealed that articles referenced in standards follow a different
diffusion path than comparable articles. While the lifecycle of scientiﬁc
articles is approximately ﬁve years with the mode being two years old,
articles referenced in standards experience a longer lasting increase of
follow-up research and do not show a deﬁnite decline after their peak
citation year. Consequently, the lifecycle of scientiﬁc publications refer-
enced in standards is longer than for comparable papers.
Consequently, we are able to conﬁrm the results by Rysman and
Simcoe (2008) on standard-essential patents in information and com-
munication technologies and the impact of a biological resource center
on future research proved by Furman and Stern (2011) for scientiﬁc
publications referenced in standards in the area of biotechnology. In ad-
dition, the positive impact of scientiﬁc references in patents on their dif-
fusion in general (Sorenson and Fleming, 2004) and biotechnology
patents in particular (Subramanian and Soh, 2010) can be conﬁrmed
for the link between scientiﬁc publications references in standards and
their diffusion.With regard to standards content, we are able to demon-
strate that interface standards are most important for the research pro-
cess in biotechnology. This ﬁnding underlines the necessity ofstandardization, especially in dispersed and interdisciplinary research
ﬁelds, such as biotechnology. However, these ﬁndings are most likely
transferable to similarﬁelds, such as nanotechnology,medical engineer-
ing or neurosciences, where different disciplines have to be integrated.
Overall, these ﬁndings enhance the understanding of the interplay
between standardization and research. The empirical results emphasize
the importance of integrating scientiﬁc publications in standards for re-
search advancement.
5.2. Limitations and further research
The main rationale for this quantitative study is an empirical charac-
terization of the complex relation between research and standardization.
While our study investigates the issue on the basis of research articles as a
unit of analysis, the investigation can still be expanded to the individual
level of researchers,where authors serve as a unit of analysis and network
analysismight be applied. Although some of the ﬁndings already enhance
the understanding of the conceptual mechanisms, detailed qualitative
studies are still needed to investigate incentives, personal characteristics
and systemic drivers for standardization in research. Our studies have
not yet investigated the concrete implications of referencing scientiﬁc
publications mentioned in standards for the transfer of R&D results.
Whilewedifferentiate betweendifferent types of standards, the quantita-
tive effects on technology transfer still need to be investigated.
The focus of our study on the biotechnology industry allows us an in-
depth analysis of the researchquestionswithout any confusion fromdif-
ferent industry backgrounds. As a shortcoming of such a speciﬁc data
sample, generalizability of the results might be questionable. However,
standardization in ﬁelds related to biological sciences requires ﬂexible,
176 M. Raven, K. Blind / Technological Forecasting & Social Change 115 (2017) 167–179easily accessible and quickly-developed standards, due to a rapidly
changing technology basis andmultidisciplinary challenges.We assume
that many other high-technology industries have to comply with these
requirements and our results can be transferred to other industries.
Further potential limitations of our study arise with regard to our
data sample. First of all, approximately 20% of the standards in the
BioSharing database are linked to research articles while - potentially
due to a bias - 80% of the standards are not linked to a particular publica-
tion. The data sample does not contain an announcement date of the
standardswithin theBioSharing database. Therefore, we cannot ascertain
whether the inclusion in the online-platform has a signiﬁcant effect on
the citation proﬁle as Rysman and Simcoe (2008) could show for patents.
5.3. Implications
Our research ﬁndings have various implications for future research,
SSOs and policy makers. With regard to future research, we have to ex-
pand the bilateral analyses of the relationships between patenting and
publishing and patenting and standardization to conduct a comprehen-
sive investigation of the triangle of publishing, patenting and standard-
ization that accounts for the particularities of scientiﬁc disciplines,
technologies and institutional contexts. Furthermore, our ﬁndings pro-














Tresearch. We establish the knowledge sourcing beneﬁts of standardiza-
tion, which enhance our understanding of knowledge bases included in
standards and contribute to the literature of knowledge management.
Based on our ﬁndings, research organizations and companies should
consider a more integrated and coordinated approach of their publica-
tion, patenting and standardization strategies, as already partly realized
by patenting companies active in standardization in the ﬁeld of mobile
communication, in order to foster both the private and social impact of
their research. Policymakers can optimize their sponsorships for research
in order to overcomemarket failures, especiallywith regard to the perfor-
mance of basic research and the diffusion of its results. Thus, given the
beneﬁts of integrating scientiﬁc publications in standards, policy makers
should also emphasize standardization aspects in research funding and
dissemination, like meanwhile initiated within the European Research
Program Horizon 2020 (European Commission, 2011). Last but not
least, SSOs have to adjust the focus of their standardization efforts to ad-
dress more explicitly the research community in order to engage in early
research and innovation stages of science and technology lifecycles.
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Table A.1
Negative binomial model based on articles referenced in standards (comparison group not limited to same journal).Negative binomial model
[Incidence-rate ratios in brackets
in top line]
Estimated coefﬁcients in 2nd line
(SE in parentheses in bottom line)Negative binomial model with conditional
ﬁxed effects (1)
[Incidence-rate ratios in brackets in top line]
Estimated coefﬁcients in 2nd line
(SE in parentheses in bottom line)Negative binomial model with conditional
ﬁxed effects (2)
[Incidence-rate ratios in brackets in top line]
Estimated coefﬁcients in 2nd line


















































bservations 1183 1183 1183
seudo R² 0.016 0.184 0.186
g likelihood −3810.09 −3159.85 −3152.43





(0.046)⁎⁎⁎ Signiﬁcance at the 1% level.
⁎⁎ Signiﬁcance at the 5% level.
⁎ Signiﬁcance at the 10% level.
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[Incidence-rate ratios in brackets
in top line]
Estimated coefﬁcients in 2nd line
(SE in parentheses in bottom line)Negative binomial model with conditional
ﬁxed effects (1)
[Incidence-rate ratios in brackets in top line]
Estimated coefﬁcients in 2nd line
(SE in parentheses in bottom line)Negative binomial model with conditional
ﬁxed effects (2)
[Incidence-rate ratios in brackets in top line]
Estimated coefﬁcients in 2nd line


















































bservations 1098 1098 1098
seudo R2 0.023 0.171 0.173
g likelihood −3135.70 −2659.07 −2653.95





(0.049)⁎⁎⁎ Signiﬁcance at the 1% level.
⁎⁎ Signiﬁcance at the 5% level.
⁎ Signiﬁcance at the 10% level.Table A.3
Negative binomial model based articles referenced in standards (controlling for cohort effects).Negative binomial model
[Incidence-rate ratios in brackets
in top line]
Estimated coefﬁcients in 2nd line
(SE in parentheses in bottom line)Negative binomial model with conditional
ﬁxed effects (1)
[Incidence-rate ratios in brackets in top line]
Estimated coefﬁcients in 2nd line
(SE in parentheses in bottom line)Negative binomial model with conditional
ﬁxed effects (2)
[Incidence-rate ratios in brackets in top line]
Estimated coefﬁcients in 2nd line





























(0.004)⁎⁎⁎(continued on next page)










[Incidence-rate ratios in brackets
in top line]
Estimated coefﬁcients in 2nd line
(SE in parentheses in bottom line)Negative binomial model with conditional
ﬁxed effects (1)
[Incidence-rate ratios in brackets in top line]
Estimated coefﬁcients in 2nd line
(SE in parentheses in bottom line)Negative binomial model with conditional
ﬁxed effects (2)
[Incidence-rate ratios in brackets in top line]
Estimated coefﬁcients in 2nd line

































(0.258)⁎⁎⁎bservations 1160 1160 1160
seudo R2 0.029 0.174 0.178
g likelihood −3594.06 −3057.62 −3042.87





(0.049)⁎⁎⁎ Signiﬁcance at the 1% level.
⁎⁎ Signiﬁcance at the 5% level.
⁎ Signiﬁcance at the 10% level.
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